Understanding the relationship of cellular phenotype to mechanisms that are encoded by DNA (genetic) and those that are conveyed to progeny cells through non-genetic means (epigenetic) is an important and rapidly evolving biological question. Each cell lineage exhibits a distinct epigenetic signature, which can be reversibly modified to regulate gene expression. A subset of epigenetic modifications is inheritable through successive cycles of cell division, which permits the maintenance of cellular identity 1, 2 . Post-translational modification of nucleosomal histone proteins and methylation of gene promoters are two extensively characterized epigenetic mechanisms that regulate gene expression, influence cellular phenotypes without altering genotypes, and are inheritable through successive cell divisions [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] 
. Post-translational modification of nucleosomal histone proteins and methylation of gene promoters are two extensively characterized epigenetic mechanisms that regulate gene expression, influence cellular phenotypes without altering genotypes, and are inheritable through successive cell divisions [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] 
. In addition to a prominent role in regulating gene expression during development and in normal physiological conditions, epigenetic control is important in cancer [12] [13] [14] . Gene bookmarking is emerging as a novel epigenetic mechanism that controls cell fate and lineage commitment 19 . Although the term bookmarking was initially used to describe the nuclease hypersensitivity of gene promoters in mitotic cells [19] [20] [21] 71 , it is now used to describe the retention of phenotype-specific transcription factors at target gene loci on mitotic chromosomes, which allows the necessary information to be conveyed to progeny cells. Several advances in understanding the composition and organization of regulatory complexes at chromosomal gene loci, including highresolution microscopy, in vivo genomic occupancy assays and genome-wide expression analyses, together with inheritable histone marks and DNA methylation, have added a new epigenetic dimension to bookmarking. We use the term 'architectural epigenetics' to describe a combination of mechanisms, such as histone modifications and the binding of transcription factors and co-regulatory factors that mark the structural and functional state of a gene for inheritance following mitosis.
In this Opinion article, we evaluate the evidence for gene bookmarking, focusing on mitotic retention of the transcriptional regulatory machinery. Several lines of evidence suggest that various regulatory and co-regulatory proteins associate with mitotic chromatin [15] [16] [17] [18] . We focus on the retention of transcription factors with target genes during mitosis, with an emphasis on phenotypic master regulators. We first discuss the role of bookmarking during development, including aspects such as control of cell growth, maintenance of lineage commitment, cell survival and asymmetric cell division. We then discuss the potential clinical implications of deregulated gene bookmarking, highlighting recent evidence that this mechanism might be important in tumorigenesis. Finally, we put forward a model drawing together the various elements involved in gene bookmarking and suggest that this mechanism plays a crucial part in ensuring that cells retain a memory of phenotypespecific gene expression after cell division.
Interphase nuclear microenvironments
To understand how mitotic gene bookmarking controls gene expression it is important to appreciate how regulatory proteins are organized in an interphase nucleus before and following mitosis. Temporal and spatial assembly of the transcriptional regulatory machinery is a prerequisite for physiologically responsive gene expression. The compartmentalization of the multifunctional protein complexes that support transcription, replication and repair is illustrated by the focal organization of both regulatory proteins and nucleic acids in nuclear microenvironments. These factors include the RNA polymerase I (RNA Pol I) and RNA Pol II machineries, Runt-related transcription factor (Runx) proteins, SC35 splicing speckles, steroid hormone receptors and the chromatin remodelling machinery [22] [23] [24] [25] [26] [27] . This focal organization can be quantified by bioinformatics approaches such as intranuclear informatics, which examines the organization of subnuclear domains.
Nuclear microenvironments must be dynamic to accommodate protein-protein and protein-DNA interactions in response to physiological cues. Subnuclear domains are assembled by scaffolding proteins (for example, Runx proteins) at the site of their target-gene promoters, where they recruit co-regulatory proteins. There are defined mechanisms that regulate the targeting of scaffolding proteins to nuclear 22 -a functionally autonomous motif present in the carboxyl terminus of all Runx proteins. Furthermore, knock-in studies in mice expressing either RUNX1 (also known as Aml1) or RUNX2 that have impaired subnuclear targeting functions show similar phenotypes to Runx-null mice, indicating that the assembly and organization of nuclear microenvironments by Runx proteins are required for their biological activity 28, 29 . The in vivo requirement for proper subnuclear targeting of regulatory proteins for physiological functions emphasizes the importance of preserving subnuclear organization following mitosis, when the entire nucleus is remodelled. There must be mechanisms to restore the organization of the regulatory machinery following mitosis to sustain the fidelity of gene regulation in progeny cells.
Mitotic gene bookmarking
Global remodelling of the cellular and nuclear architecture and general repression of transcription during mitosis 30 lead to the dynamic relocalization of many transcription factors (such as ETS1, octamer-binding transcription factor 2 (OCT2; also known as POU2F2), B-myb and SP1) and their displacement from mitotic chromosomes in mammalian cells. In addition, several key regulatory proteins, including cyclins, are degraded at the onset of mitosis and resynthesized as soon as cells exit mitosis 20, 31, 32 ( FIG. 1a) . Transcription factors that are displaced from mitotic chromosomes or that are degraded at the onset of mitosis resume target-gene occupancy or, following mitosis, are resynthesized on a variable timescale that depends on the requirements of these transcription factors for cellular functions. However, it is also necessary to sustain the structural and functional integrity of the core regulatory machinery following a mitotic event to accommodate the requirements for gene expression in progeny cells to maintain cell growth potential and lineage identity; gene bookmarking during mitosis may be an important mechanism that enables this to occur.
Gene bookmarking may include several mechanisms that retain the structural information (for example, specific histone modifications or non-genetic DNA alterations) and functional state
Box 1 | Established mechanisms of epigenetic regulation
The information dictated by epigenetic signatures is as important as the sequence information encoded by nucleic acids for regulating gene expression 1 . Here, we outline these established parameters of epigenetic control (see also the figure). For more extensive insights, we refer to in-depth reviews discussing multiple dimensions to epigenetic control [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] .
DnA methylation DNA methylation is a covalent modification that occurs at CpG dinucleotides and can be catalysed by three different DNA methyl transferases (DNMTs): DNMT1, DMNT3A and DNMT3B 12 . DNA methylation plays a crucial part in the long-term silencing of transcription and in heterochromatin formation, by either directly interfering with the binding of transcription factors to their target sites or altering chromatin structure by affecting histone modifications and nucleosome occupancy at gene promoter regions 13 . During the development of cancer, many CpG islands undergo hypermethylation, which leads to changes in chromatin structure and causes silencing of tumour suppressor genes and genome instability; examples include the genes encoding p16 and Runt-related transcription factor 3 (RUNX3) 13, 14 . CpG methylation is also important for X-chromosome inactivation and for establishing and maintaining the expression of 'imprinted' genes that are thought to be related to the onset and progression of tumour phenotype, such as octamer-binding protein 4 (OCT4; also known as POU5F1) 14 .
Histone modifications
More than 60 different residues in nucleosomal histones that undergo post-translational modifications have been identified [2] [3] [4] [5] [6] [7] [8] [9] . These modifications can either disrupt contacts between nucleosomes to increase chromatin accessibility and the recruitment of non-histone proteins or increase nucleosome-DNA interactions, leading to a closed chromatin conformation [2] [3] [4] [5] [6] [7] [8] [9] . For example, histone H3 Lys9 (H3K9) methylation has an important role in the transmission of heterochromatin to progeny cells. This modification, which in turn recruits heterochromatin protein 1 (HP1), leads to additional H3K9-methylating activity that modifies nucleosomes, thus ensuring the transmission of the H3K9 methylation mark to the progeny cells 11 .
non-coding RnA molecules
Non-coding RNAs, including microRNAs and small nucleolar RNAs, also epigenetically regulate gene expression 67 . Examples include dosage compensation mechanisms mediated by rox RNA in Drosophila melanogaster and by X inactive-specific transcript (XIST) RNA in mammals, and the silencing of genes and repetitive DNA sequences by RNA interference-related (such as microRNA and small interfering RNA (siRNA)) pathways in most eukaryotes 68 . These non-coding RNAs often act in concert with components of chromatin and the DNA methylation machinery to establish and/or sustain silencing of gene expression. MicroRNA-and siRNA-mediated gene silencing is often short-term and may not be inherited 69 . However, XIST RNA in mammals and small RNAs in Schizosaccharomyces pombe induce long-term inheritable gene silencing 70 . Epigenetic mechanisms mediated by non-coding RNAs may also be important in development, transformation and tumour progression. Nature Reviews | Genetics (for example, repression or activation marked by transcription factors and coregulatory proteins) of a gene [15] [16] [17] [18] . These parameters of bookmarking a gene are not mutually exclusive. One gene may be marked by all, some or only one of these mechanisms. Experimentally, it is possible to identify genes that are bookmarked by any of these mechanisms by techniques such as immunofluorescence microscopy and chromatin immunoprecipitation during mitosis, using specific antibodies against proteins of interest. Finally, interference with gene bookmarking should lead to perturbed gene expression in progeny cells. Recent studies have shown that mitotic gene bookmarking is indeed a general mechanism to sustain cellular identity following mitosis. Here, we provide examples of specific biological functions in which phenotypic transcription factors and components of the general transcriptional and chromatin remodelling machineries remain associated with target genes during cell division.
Gene bookmarking during development Control of cell growth. Studies using biochemical techniques and in situ immunofluorescence microscopy suggest that selected regulatory proteins involved in crucial cellular functions (including proliferation, growth and differentiation) remain associated with target gene loci on mitotic chromosomes [33] [34] [35] [36] [37] [38] . These gene-protein associations are DNA sequence-specific and mark target genes for transcription following mitosis. An example of gene bookmarking is provided by the MYC promoter, which is rapidly re-activated as cells transition to the G1 phase. levens and colleagues have shown that this gene is permanganate-sensitive, which indicates accessibility to single-strand nucleases in the promoter regions only during mitosis 39, 40 . It is known that many DNA-binding proteins (including the sequence-specific single-stranded DNA-binding proteins heterogenous nuclear ribonucleoprotein K (hnRNP K) and F-box protein (FBP) that occupy promoters during mitosis) can modulate transcription from the MYC promoter 41, 42 . However, it remains unclear how these factors interact preferentially with single-stranded DNA. The mitotic sensitivity of the promoter to permanganate suggests that the bookmark -that is, the mitotically bound transcription factors hnRNP K and FBP -modifies its interaction with promoters following mitosis and can re-associate before the next round of cell division 71 .
Another example is provided by the Runx proteins, which are master regulators of osteogenesis, haematopoeisis, neurogenesis and gastrointestinal development [43] [44] [45] [46] [47] . As noted above, the localization of Runx proteins to subnuclear domains is required for their biological activity 28, 29 as disruption of this nuclear localization causes cell-specific effects. For example, a transformed phenotype is observed in myeloid progenitors, and osteolytic disease caused by breast cancer cells that metastasize to bone is inhibited 48, 49 . During mitosis, all Runx proteins (RUNX1, RUNX2 and RUNX3) associate with RNA Pol I-transcribed ribosomal RNA genes and the RNA Pol II-transcribed phenotypespecific genes that are involved in cell cycle control and differentiation 33, 34, 50, 51 . Runx transcription factors are equally partitioned in progeny cells when cell division is completed 52 (FIG. 1b) . The association of Runx factors with ribosomal and cell cycle regulatory genes (such as the cell cycle inhibitor p21) during mitosis 'marks' these genes for repression during the early G1 phase of the cell cycle 33, 34 . In addition, the occupancy of differentiation-related genes (such as mad-related proteins (Smads), which are effectors of the transforming growth factor-β and bone morphogenetic protein signalling pathway) by Runx proteins during mitosis provides a mechanistic basis for lineage-restricted transcriptional memory in progeny cells. The occupancy and regulation of RNA Pol I-and RNA Pol IItranscribed genes by Runx proteins during interphase and mitosis enables them to coordinate cell proliferation, growth and differentiation by acting at both the genetic and epigenetic levels. . In haematopoietic progenitor cells, erythroid-specific DNase I hypersensitive sites have been detected in the distal regulatory regions of the mouse globin gene cluster 54 . Progeny cells can inherit these hypersensitive sites over at least 20 generations 21 . Recent studies have provided mechanistic insights into the inheritance of the globin gene transcription status through mitoses 55 . The lineage-restricted expression of globin genes is controlled mainly by the transcription factors NFE2 and GATA1 (also known as ERYF1) 56, 57 . NFE2 remains bound to mitotic chromosomes and GATA1 is dissociated from condensed chromatin during mitosis 55 . This suggests that NFE2 is an epigenetic marker that maintains the locally hypersensitive state of the globin gene clusters. NFE2 can also recruit the co-activators transcription initiation factor TFIID 130 kDa subunit (TAFII130; also known as TAF4) and CREB-binding protein (CBP) to the globin gene locus, further supporting its role in rapid post-mitotic re-activation of the globin genes. In addition, the distal regulatory regions of transcriptionally competent globin gene loci are marked during mitosis by active histone modifications such as H3 acetylation, H3 lys4 dimethylation and H3 lys79 dimethylation 55 . The basic helix-loop-helix myogenic regulatory factors (including myoblast determination protein (mYOD), myogenic factor 5 (mYF5) and mYF6 (also known as mRF4)) bind to sequences called E-boxes in target gene promoters and play crucial parts in skeletal muscle development (reviewed in ReFs 35, 58, 59) . Together with myocytespecific enhancer factor 2 (mEF2) proteins and E-box factors, these transcription factors are responsible for coordinating musclespecific gene expression by negatively regulating proliferation and promoting differentiation 60, 61 . During interphase, muscle regulatory proteins are organized in punctate nuclear microenvironments, in which control of muscle gene expression takes place. During proliferation of uncommitted mesenchymal cells, mYOD is localized to mitotic chromosomes and associates with ribosomal RNA genes and nucleolar organizing regions. The association of mYOD with the interphase nucleolus in early stages of myogenesis and its replacement by myogenin in later stages results in the repression of ribosomal RNA genes, concomitant with the initiation of the skeletal muscle differentiation programme 36 . These observations are consistent with a gene bookmarking mechanism.
CCAAT/enhancer-binding protein-α (C/EBPα) and C/EBPδ are early markers in the adipocyte differentiation programme and provide another example of gene bookmarking 62 . As adipocyte differentiation proceeds, both C/EBPα and C/EBPδ become capable of interacting with the C/ EBP regulatory element in the C/EBPB gene promoter. The expression of C/EBPβ, in turn, is upregulated and this protein then acts as a transcriptional activator of late adipocyte genes. During mitotic clonal expansion, preadipocytes enter S phase synchronously, concomitant with the localization of C/EBPα and C/EBPδ to centromeres by binding to C/EBP consensus binding sites in centromeric satellite DNA. As mitotic expansion of pre-adipocytes ceases and the differentiation programme ensues, C/EBPβ, which has anti-proliferative activity, becomes associated with centromeres 37 . Recent studies from our laboratory show that, in addition to occupying centromeric repeats, C/EBP transcription factors also occupy ribosomal RNA genes during mitosis. As pre-adipocytes complete cell division, C/EBP proteins repress ribosomal RNA genes, consistent with their role in initiating adipocyte differentiation when ribosomal gene expression is downregulated 36 . The association of C/EBP transcription factors with mitotic chromosomes and their direct repression of ribosomal RNA genes suggest that these phenotype-specific regulatory proteins mediate lineage commitment and maintenance by bookmarking target gene loci on metaphase chromosomes during the mitotic clonal expansion of pre-adipocytes 36, 37 (FIG. 2) .
Cellular responses to stress. The inducible heat shock protein 70 (HSP70I; also known as HSPA1A) gene is primarily upregulated on an increase in temperature through the transcriptional activity of heat shock factor 1 (HSF1) 63 . DNase I accessibility experiments carried out in the Sarge laboratory 19 show . mechanistically, HSF2, a member of the same protein family as HSF1, occupies binding sites in the DNA hypersensitivity regions of the HSP70I promoter during mitosis and interacts with the CAP-G subunit of condensin complexes 38 . Concomitantly, HSF2 also recruits the Ser/Thr phosphatase PP2A to the promoter, which deactivates condensin complexes by dephosphorylating the CAP-G subunit. As a result, the HSP70I promoter region remains in an open chromatin conformation and accessible to DNase I. Blocking HSF2 activity and the consequent bookmarking of the HSP70I gene compromises cell survival in the G1 phase 38 .
Modified gene bookmarking in disease
Recently, evidence has also emerged that the deregulation of gene bookmarking may have an important role in disease 51,64-66, suggesting that understanding this mechanism better may have clinical uses. An example of the clinical relevance of gene bookmarking is provided by the ischaemic reperfusion injury-related reactivation of hepatocyte nuclear factor 1β (HNF1β), which is a necessary step in disease pathology. Although cells lacking HNF1β are quiescent and maintain the transcriptional state of crucial cytogenic target genes, the expression of these genes is lost when cells are forced to proliferate by an ischaemic reperfusion injury. In addition, the chromatin of the cytogenic target genes acquires a condensed state. The authors propose that, because HNF1β remains associated with mitotic chromosomes 65 , it may function as a bookmarking factor that controls the transcriptional regulation of target genes following mitosis.
Another example is provided by the leukaemic fusion protein Aml1-ETO. Aml1-ETO is generated by the translocation of a portion of chromosome 8 carrying ETO (also known as RUNX1T1) in frame with the DNA-binding domain of RUNX1 (also called AML1) located on chromosome 21. Expression of Aml1-ETO in myeloid progenitor cells results in a differentiation block and enhanced proliferative potential (reviewed in ReF. 47) . Association of the leukaemic Aml1-ETO protein with mitotic chromosomes upregulates ribosomal RNA (rRNA) synthesis compared with wild-type RUNX1, which downregulates the expression of rRNA genes 51 . Upregulated rRNA synthesis correlates with enhanced cell proliferation. Thus, the Aml1-ETO association with rRNA genes during mitosis and the post-mitotic upregulation of rRNA gene expression provides a novel epigenetic mechanism for continued cell proliferation, a hallmark of tumours 51 . Recently, it has also been shown that mixed lineage leukaemia protein (mll), which is a chromatin-remodelling factor associated with leukaemia that regulates transcription by recruiting chromatinmodifying machinery to target genes, remains associated with mitotic chromatin 66 . This retention favours the rapid reactivation of target genes (for example MEIS1, homeobox C11 (HOXC11) and eukaryotic translation elongation factor 1 alpha 1 (EEF1A1), all of which have been implicated in the onset and progression of mixed lineage leukaemia) in the G1 phase of the cell cycle by recruiting other chromatinmodifying factors (such as menin, retinoblastoma-binding protein 5 (RBBP5) and ASH2-like protein (ASH2l)) and by retaining methylation of histone H3 lys4.
Conclusions and future prospects
Here, we have provided biological examples that offer mechanistic insights into gene bookmarking and its role in post-mitotic gene regulation. We propose that epigenetic inheritance through mitosis plays a vital part in the maintenance of cellular identity and the coordination of lineage commitment. In our model, in addition to inheritable histone marks and non-genetic DNA modifications, phenotypic transcription factors and components of the basal transcriptional machinery are retained on mitotic chromosomes to convey the necessary information to initiate and sustain lineage commitment (FIG. 3) . It is clear that not all genes are bookmarked during mitosis and those that are bookmarked are not regulated by a single epigenetic mechanism. A likely scenario is that a series of epigenetic mechanisms operate on each gene that is mitotically bookmarked. For example, during mitosis, a gene that is required for lineage maintenance in postmitotic cells may carry a unique pattern of histone modifications, have an accessible chromatin conformation and be occupied by a sequence-specific transcription factor at its promoter. Together, these distinct, yet functionally overlapping, mechanisms provide a mitotic epigenetic signature for a gene that is bookmarked for post-mitotic expression.
The functions of gene bookmarking during mitosis may include, but are not restricted to, the poising of expression of genes that are involved in G1 progression, maintenance of cellular identity and commitment of progenitor cells to a specific lineage. The mitotic association of phenotypespecific regulatory proteins with genes in an allele-specific manner in pluripotent cells might facilitate the asymmetric distribution of transcription factors to cells that are destined to commit to a particular lineage. In committed cells, both alleles can be accessible to phenotypic transcription factors during mitosis, thus leading to equal partitioning into progeny cells for the maintenance of the lineage.
The implications of gene bookmarking remain to be fully explored. Key questions include: do genes that do not retain cognate regulatory factors have other mitotic bookmarks for activation or suppression in progeny cells? When do mitotically displaced or degraded transcription factors resume occupancy of target genes? Why does only a select set of genes maintain mitotic bookmarks? Are genes epigenetically regulated in a selective manner during asymmetric cell division? What are the identities of the transcriptional regulatory proteins and their co-factors that occupy mitotic gene loci? What are the dynamics of transcription factor interactions with mitotic chromosomes in live cells? Although these questions are mechanistically complex and technically challenging, they are experimentally approachable. From recent studies we already know that the same gene (for example, HSP70I) can be bookmarked by the persistence of histone modifications as well as the retention of transcription factors during mitosis, indicating that these mechanisms are not mutually exclusive. Similarly, chromatin immunoprecipitation experiments have shown that osteogenic Runx transcription factors bind to transducin-like enhancer protein 1 (TlE1), a co-repressor, through mitosis [15] [16] [17] [18] 72 . lower organisms such as yeast and Drosophila melanogaster offer examples of asymmetric cell division that have implications in lineage commitment. However, it remains challenging to comprehensively address the bookmarking of many genes owing to the lack of availability of specific antibodies and the accessibility of regulatory factors by antibodies during mitosis. Advances in live-cell imaging, highresolution immunofluorescence microscopy and genome-wide proteomics now allow us to address some of these fundamental biological questions.
Despite these open-ended questions and a requirement for in-depth studies that firmly link gene bookmarking with the onset and progression of disease, there is evidence to suggest that gene bookmarking may be clinically relevant. Specific targeting of gene-bookmarking mechanisms could offer novel options for targeted therapy, with enhanced specificity and reduced off-target activity compared with the global inhibition of chromatin modifications or DNA methylation. Importantly, the mitotic association of regulatory proteins results in focal concentrations of factors that can favourably influence pharmacological kinetics so that only a minimal drug concentration could be required. In addition, the assessment of genes that are bookmarked combined with a global, genome-wide evaluation of histone modifications and DNA methylation may provide a more complete epigenetic signature for the diagnosis and prognosis of cancer and for monitoring its progression and the efficacy of therapy.
